[1] The Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model (TIME-GCM) is used to simulate the quasi-two-day wave (QTDW) modulation of the ionospheric dynamo and electron density. The QTDW can directly penetrate into the lower thermosphere and modulate the neutral winds at a period of two days. The QTDW modulation of the tidal amplitudes is not evident. The QTDW in zonal and meridional winds results in a quasi-two-day oscillation (QTDO) of the dynamo electric fields at southern midlatitudes, which is mapped into the conjugate northern magnetic midlatitudes. The QTDO of the electric fields in the E region is transmitted along the magnetic field lines to the F region and leads to the QTDOs of the vertical ion drift and total electron content (TEC) at low and mid latitudes. The QTDO of the vertical ion drift near the magnetic equator leads to the 2-day oscillation of the fountain effect. The QTDO of the TEC has two peaks at AE25 magnetic latitude (Mlat) and one near the dip equator. The equatorial peak is nearly out of phase with the ones at AE25 Mlat. The vertical ion drift at midlatitudes extends the QTDW response of the TEC to midlatitudes from the Equatorial Ionospheric Anomaly (EIA). Most differently from previous reports, we discover that the QTDW winds couple into the F region ionosphere through both the fountain effect and the middle latitude dynamos.
Introduction
[2] The quasi-two-day wave (QTDW) is a recurrent planetary scale feature in the wind and temperature fields detected in the mesosphere and lower thermosphere (MLT) region [e.g., Wu et al., 1993; Yue et al., 2012, and references therein] . During austral summer, the QTDW recurrently amplifies from southern mesospheric midlatitudes and extends across the equator into the northern lower thermosphere. The meridional wind component of the QTDW can be as large as 100 m/s and is usually 2-3 times greater than that of the zonal component [Pancheva et al., 2006] . Moreover, the QTDW meridional wind component often shows a latitudinal double peak feature in January and February, one in the summer mesosphere and the other in the equatorial lower thermosphere [e.g., Wu et al., 1993] . This structure well illustrates that a combination of Rossby normal mode oscillation and baroclinic/barotropic instability determines the structures of the QTDW [Salby, 1981; Plumb, 1983; Yue et al., 2012] . A westward zonal wave number 3 (W3) is commonly known for the QTDW in the austral summer mesosphere. QTDWs with westward zonal wave numbers 2 and 4 (W2 and W4) may also exist at different latitudes and in various seasons and years [Tunbridge et al., 2011] . Other factors, such as the refractive index and critical line, also control the propagation and amplification of the QTDW (see detailed discussions by Liu et al. [2004] and Yue et al. [2012] ). The QTDW can induce variability in the migrating diurnal/semidiurnal tides through both nonlinear interactions and changes of the background state [e.g., Chang et al., 2011a] . In turn, the tides enhance the QTDW in the MLT possibly due to the tidal-induced background change [Yue et al., 2012] or tidal-QTDW nonlinear interactions [Walterscheid and Vincent, 1996] .
[3] Beyond the MLT region, the QTDW can theoretically induce a quasi-2-day oscillation (QTDO) in the electrodynamic system of the ionosphere by modulating the wind dynamo effect [Ito et al., 1986] . Chen [1992] reported the QTDO of the critical frequency of the ionospheric F region, foF2, near the equatorial ionization anomaly (EIA). He suggested that the QTDW modulates the tidal wind and thus the EIA through the fountain effect. Apostolov et al. [1995] and Forbes and Zhang [1997] analyzed large amounts of ionosonde data and indicated that the QTDO in foF2 existed in various seasons and latitudes (À50 to 50 ), not just near the EIA. Similar to the QTDW in the MLT, the QTDO events maximize during local summer in both hemispheres [Forbes and Zhang, 1997] . Over the following decade, correlations between the quasi-2-day variability in the geomagnetic field, the equatorial electrojet, F region electron densities, ionospheric total electron content (TEC) and the QTDW in neutral wind and temperature in the MLT were identified from the ground-based and spaceborne observations [e.g., Gurubaran et al., 2001; Takahashi et al., 2005; Laštovička, 2006; Pancheva et al., 2006; Chang et al., 2011b; Pedatella and Forbes, 2012] . Pancheva et al. [2006] observed that the response in ionospheric currents and F region plasma showed a westward propagating zonal wave number 2 structure, while the QTDW in the MLT had a transition from westward propagating wave number 2 to 3 during austral summer 2003. Chang et al. [2011b] reported a simultaneous observation of W3 and W2 QTDW in the EIA from GPS derived global ionosphere maps (GIM) and in the MLT neutral temperature from the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED)-Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) in austral summer 2006. For the same period of January 2006, Pedatella and Forbes [2012] found that the QTDW was dominated by W3 and E2 using the SABER OH airglow and temperature in the MLT and the (CHAllenging MiniSatellite Payload) CHAMP in situ electron density observation in the F region. They also suggested that nonmigrating tides and secondary waves are important to determine the longitude variability during QTDW activity.
[4] Despite the advancement of simultaneous QTDW and QTDO observations over the past decades since Ito et al. [1986] and Chen [1992] , the mechanisms responsible for the QTDW coupling of the MLT and ionosphere are poorly understood. Rather than a direct QTDW penetration into the E region, Pancheva et al. [2006] observed a 2-day modulation of the diurnal and semidiurnal tidal amplitudes from ground-based radar measurements. Therefore they suggested that the QTDW modulation of the atmospheric tides, especially the semidiurnal tide with longer vertical wavelengths, results in the quasi-2-day variation in the E region dynamo electric field. To examine these proposed mechanisms of coupling between the QTDW in the MLT and the QTDO in the ionosphere, a numerical modeling study with a general circulation model (GCM) is performed in this paper.
NCAR TIME-GCM and Methodology
[5] The National Center for Atmospheric Research (NCAR) Thermosphere-Ionosphere-Magnetosphere-Electrodynamics General Circulation Model (TIME-GCM) is employed in this study. The NCAR TIME-GCM is a self-consistent timedependent three-dimensional model that solves the fully coupled, nonlinear hydrodynamic, thermodynamic and continuity equations of the neutral gas along with the ion energy, ion momentum and ion continuity equations [Roble et al., 1988; Richmond et al., 1992; Roble and Ridley, 1994] . The TIME-GCM predicts global neutral winds, temperature, constituents, electron and ion densities, temperatures and drifts, and the dynamo electric field from the upper stratosphere ($30 km) to the thermosphere. A 5 Â 5 Â half-scale-height latitude/longitude/altitude resolution and two-minute time step are selected for this study. The amplitudes and phases of the migrating diurnal and semidiurnal tides are specified at the lower boundary. Gravity waves are parameterized using Lindzen's saturation scheme [Lindzen, 1981] . The neutral wind dynamo is obtained using self-consistently calculated neutral winds and ionospheric conductivities [Richmond and Roble, 1987; Richmond et al., 1992] .
[6] The excitation of the QTDW in the TIME-GCM follows the work in Liu et al. [2004] and Yue et al. [2012] . The background atmosphere in the model is set to perpetual austral summer (January 15) when the strongest QTDW was observed in the MLT [e.g., Wu et al., 1993; Pancheva et al., 2006] . Solar activity is low (F10.7 = 75). In the control run and the base run, the lower boundary is prescribed with and without a zonal-wave number 3 and 48-h period propagating planetary wave with 1000 m of geopotential height perturbation, respectively. This QTDW amplitude in the lower stratosphere is unrealistically large, in order to compensate for the large numerical dissipation above the model boundary and to yield a realistic QTDW in the MLT [Yue et al., 2012] . No other planetary waves or nonmigrating tides are forced at the bottom boundary. For the control case, the TIME-GCM runs without the QTDW forcing for 7 days to achieve a diurnally repeatable state before the amplitude of the QTDW is ramped up with a Gaussian function over 3 days. The QTDW forcing is gradually ramped off over 3 days after model day 20 and the model run continues till day 40.
[7] In this study, ionospheric parameters are first calculated from the TIME-GCM in geographic coordinates before being mapped onto geomagnetic coordinates. Then the TIME-GCM data points at all geomagnetic longitudes and local times are least squares fitted to sinusoidal functions of magnetic longitude and UT time [e.g., Chang et al., 2011b] . A 2-day sliding window is applied and a 48 h period and a zonal wave number-3 sinusoidal component are least square fitted to retrieve the QTDO in electric field and in F region electron density. QTDWs with periods other than 48 h and zonal wave number other than 3 are not specified at the model lower boundary and are not seen in model outputs neutral.
Simulation Results
[8] Figure 1 shows the QTDW latitude-altitude structures from the control run in zonal wind, meridional wind and temperature near their peak amplitudes on model day 26. The QTDW cannot be seen in the base run when the QTDW perturbation is not forced at the lower boundary. These QTDW features are the same as those in Yue et al. [2012] . For example, the double altitude peak feature in the meridional wind reaches 40 m/s at 90 km in the southern midlatitudes and 45 m/s in the equatorial lower thermosphere, which is comparable to the observations [Wu et al., 1993] . Conversely, the QTDW in zonal wind is about 5 m/s in the equatorial lower thermosphere, which is weaker than that reported in previous observations [Wu et al., 1993] . The peak QTDW in temperature ($10K) at summer midlatitudes is about half of the SABER observed QTDW temperature [e.g., Chang et al., 2011b] . As in Yue et al. [2012] , the phase lines in zonal and meridional winds become vertical above 110 km. This indicates that the QTDW is evanescent in the thermosphere and the QTDW wind is negligible above 150 km. Thus it is unlikely that the QTDW can propagate into the F region ionosphere and directly modulate the electron density. Like the Ultra Fast Kelvin (UFK) waves [Chang et al., 2010] and the eastward propagating wave number 3 nonmigrating diurnal tide (DE3) [Immel et al., 2006] , the QTDW is capable of modulating the E region ionosphere (90-120 km) wind and electric fields. This oscillation of the E region polarization electric field is transmitted upward along the magnetic field lines into the F region, causing a modulation to plasma vertical drifts and leading to an oscillation of the ionospheric density [Immel et al., 2006] . This will be discussed later.
[9] First of all, the 2-day modulation of the migrating diurnal and semidiurnal tidal amplitudes in the MLT region is not seen in the TIME-GCM. Teitelbaum and Vial [1991] suggested that the planetary wave-tidal nonlinear interaction results in two secondary waves with frequencies and wave numbers that are the sum and difference of the planetary wave and the migrating tides. The superposition or "beating" of the secondary waves and the tide creates a local modulation of the tidal amplitude in the period of the planetary wave, but not a modulation of the migrating tides. The secondary waves with periods of 16 h and 2 days and wave numbers of W4 and E2 are replicated in the TIME-GCM, as in Yue et al. [2012] . However, the magnitudes of the secondary waves are one order smaller than that of the QTDW in the lower thermosphere and are thus negligible in the F region. Thus the indirect modulation of the E region dynamo through the secondary wave beating of the tides is negligible here. The QTDW itself present in the E region modulates the neutral wind dynamo effect.
[10] Figure 2 shows the W3 QTDW in zonal and meridional winds as a function of model day and latitude at 105 km near the peak of the ionospheric Hall conductivity. The peak QTDW response occurs around model day 25 after the QTDW forcing is gradually ramped down at the lower boundary. An enhanced QTDW in zonal wind of 22 m/s on days 21-28 can be found at $60S. Another QTDW peak in zonal wind of 8 m/s is around days 18-30 at low latitudes. The QTDW in meridional wind has a peak of 45 m/s near day 27 at 10S and a secondary peak of 30 m/s at 60S. The dissipation of the QTDW can certainly accelerate the mean westward background wind [Yue et al., 2012] , but this does not have a period of two days. The QTDW wind superimposed on the background wind field in the E region causes additional plasma motion across the magnetic field lines with a period of two days. This modifies the E region dynamo electric field in a period of 2 days and with a wave number of 3.
[11] Figure 3 displays the 2-day and wave number-3 oscillation of the electric potential F at 120 km from the control run. As with the case of neutral wind and temperature fields, there is no QTDO signature in the dynamo electric field in the base run. Two peaks of 240-280 V can be found near magnetic latitude (Mlat) 40S and 40N between days 22 and 27. This corresponds well to the large QTDW zonal and meridional winds at southern midlatitudes ($60S). The QTDW of the winds at southern midlatitudes modulates the background wind field and sets up the 2-day oscillation of the electric potential in the E region. Since the ionospheric conductivity is higher and the geomagnetic field strength is weaker at low latitudes, the peak of the QTDO of electric potential shifts equatorward from the QTDW wind peak at Mlat 60S and occurs at a lower latitude of about Mlat 40S. The detailed electrodynamics responsible for this peak shift from the QTDW wind to the QTDO electric potential will be further investigated in future work. Both the QTDW in zonal and meridional wind contribute significantly to the QTDO of the electric field at southern midlatitudes. The TIME-GCM assumes that the electric field is electrostatic, and that the magnetic field lines are equipotential between conjugate points at the base of the ionosphere at middle and low latitudes, because of the high conductivity along magnetic field lines. Thus, the QTDO in electric potential generated in the southern hemisphere is mapped into the northern hemisphere, as shown in Figure 3 . Slight differences of the amplitude between the two hemispheres (280 V and 240 V) can be attributed to the conversion between geomagnetic and geographic coordinates and the least square fitting, and they are physically insignificant. Furthermore, the QTDW of the zonal wind in the tropics (see Figure 2 ) contributes little to the QTDO in electric potential at geomagnetically low latitudes (40-60 V). To understand this, we point out that significant potential differences are built up by the dynamo in those regions where winds generate electric fields over large distances perpendicular to the geomagnetic field. Near the magnetic equator the field lines are nearly horizontal, and the electric field produced by the zonal wind is nearly vertical, but the electric field exists only over a limited vertical distance, on the order of 100 km, on those geomagnetic field lines that have a significant zonal wind somewhere along them. The integral of this electric field across the geomagnetic field lines (i.e., the potential difference) is therefore relatively small, in comparison with midlatitudes, where the zonal and meridional wind are active over a distance perpendicular to the geomagnetic field on the order of 1000 km. Therefore, the QTDO of the electric potential at midlatitudes is much greater than that near the magnetic equator. The electric field is calculated fromẼ ¼ ÀrF. Figure 4 gives the resultant QTDO of the electric field in the magnetic zonal direction, Ex, as a function of day and geomagnetic latitude at 120 km. The strongest QTDO in Ex of 0.18 mV/m is near AE50 Mlat. We also note that a small QTDO of Ex of 0.02 mV/m is found near the magnetic equator. The QTDO of the electric field at the dip equator is unlikely locally generated, but is transmitted from the midlatitudes. The midlatitude electric fields spread out from their source region in all directions and reach the dip equator, but the spreading in latitude is attenuated rapidly with increasing zonal wave numbers (wave number 3 for the QTDW) [Gagnepain et al., 1976] . Therefore, the QTDO of the electric field near the equator is of minor significance to drive the oscillation of the fountain effect.
[12] The QTDO of the electric fields in the E region is transmitted along the magnetic field lines to the F region and leads to the QTDO of the vertical ion drift. The resultant vertical component of the QTDO of E Â B/B 2 at 300 km is shown in Figure 5 . Compared to Figure 4 in which the zonal electric field QTDO is shown to peak slightly poleward of 40 , the peaks of the strongest ion drift ($1 m/s) are shifted equatorward to AE25 Mlat. This is due to the magnetic dip angle effect as well as the decrease of the magnetic field strength toward the magnetic equator. The vertical ion E Â B drift depends on the horizontal component of B. At high latitudes, the magnetic field is nearly vertical and over the magnetic dip equator, the magnetic field is horizontal. Unlike the electric fields, the QTDO of the vertical ion drift is significant near the magnetic equator (0.9 m/s) and has a small latitudinal variation between AE40 Mlat. Its phase in Figure 5b is relatively invariant (20 to 28 h) between days 15 and 30 at mid and low latitudes. Again, a slight interhemispheric asymmetry in the vertical ion drift is due to the coordination conversion and least square fitting and is not physically important.
[13] The QTDO of the vertical ion drift near the dip equator leads to the 2-day oscillation of the fountain effect as Chen [1992] suggested. This can be observed as a QTDO of the Total Electron Content (TEC) in Figure 6 . A strong QTDO in TEC of 0.3 TECU can be seen between days 20 and 27 near Mlat 25N. A weaker QTDO in TEC of about 0.1 TECU occurs near Mlat 25S. The large interhemispheric asymmetry between the two peaks of the QTDO in TEC is evidently not the result of interhemispheric differences in the QTDO of the electric field and vertical ion drift, which are relatively small. This hemispheric difference of QTDO in TEC is related to the interhemispheric difference of the background ionospheric/thermospheric density and thus molecular recombination rate during the solstice. It is also related to the scale height differences between the summer and winter ionospheres (with the winter scale height being smaller) such that the winter hemisphere ionosphere has a stronger response to electric field perturbations than the summer ionosphere does [Lei et al., 2008; Wang et al., 2010] . A third QTDO peak of 0.2 TECU is near the dip equator. The phase (Figure 6b ) of the peak at the magnetic equator (40-48 h indicated by orange and red color) is approximately 24 h off from the phases of peaks at AE25 Mlat (20-24 h, green area), which agrees well with the observational results in Chen [1992] . Note that the TEC peaks at AE25 Mlat are in phase with the vertical ion drift in Figure 5 and the peak at the dip equator is out of phase with the vertical ion drift. This is typical for the fountain effect. During the eastward phase of the 2-day dynamo electric field perturbation and the upward phase of the 2-day vertical ion drift perturbation, more plasma is lifted up at and transported away from the dip equator. Thus maxima of the TEC are formed at AE25 Mlat and the minimum occurs at the dip equator. During the westward phase of the 2-day electric field and the downward phase of the 2-day vertical ion drift, less plasma is lifted up at and transported away from the dip equator. Thus a maximum of TEC is formed at the magnetic equator. This is similar to the way that the lunar tide modulates the EIA [Stening et al., 1999, Figure 6] .
[14] More importantly, the strong QTDO of the vertical ion updraft at midlatitudes ($1 m/s) in Figure 5 also enhances the local QTDO of the TEC at midlatitudes. This is supported by the fact that the QTDO of the TEC and the vertical ion drift are in phase (0-4 h difference) at midlatitudes. As a result, the 2-day TEC oscillation is not just limited to the EIA region, but extends to AE40 Mlat. This in some degree agrees with the QTDO of foF2 at various latitudes (À50 to 50 ) observed from ionosonde data [Forbes and Zhang, 1997] . This QTDO induced three-peak latitudinal structure is consistent with that from the Global Ionosphere Map (GIM) observation reported by Chang et al. [2011b, Figure 3d ] during a strong QTDW event, between UT days 55 and 60. However, their strongest peak was located in the southern hemisphere, rather than in the northern hemisphere as the TIME-GCM predicted. Further model simulations and more observations are needed to fully understand the hemispheric response to the QTDW.
[15] It is worth emphasizing here that the mechanism for the QTDO signature in TEC seen in model simulations is driven by a global scale perturbation of the neutral wind dynamo field, including that at low and mid latitudes. The QTDW produces the midlatitude QTDO in E region electric fields and vertical ion drift, as clearly shown in Figures 4 and 5. The vertical ion drift at low latitudes has local influence on the fountain effect and EIA. However, the fountain effect is limited to the equatorial and relatively low magnetic latitude regions and peaks at AE15 Mlat [Chen, 1992] . The midlatitude QTDO in vertical ion drift contributes substantially to the TEC QTDO beyond AE15 Mlat. This well explains why the QTDO of foF2 can be observed at mid and high latitudes [Forbes and Zhang, 1997] .
Discussions and Conclusions
[16] For the first time, the modulation of the global neutral wind dynamo and the F region ionosphere by the QTDW is demonstrated, confirmed and clarified in this work using the TIME-GCM simulation results, following the suggestions by previous observational work [Altadill and Apostolov, 1998; Altadill et al., 2001; Apostolov et al., 1995; Laštovička, 2006; Pancheva et al., 1994 Pancheva et al., , 2006 . The resultant QTDO structures in the modeled TEC are consistent with global ground-based ionosonde observations [Forbes and Zhang, 1997; Chang et al., 2011b] . Since the thermospheric background westward wind is overestimated in the TIME-GCM, a critical layer is formed and the upward penetration of the QTDW beyond 120 km is blocked [Yue et al., 2012] . With a more realistic lower thermospheric wind, the QTDW zonal wind will have larger magnitude in the tropical E region and the contributions of the QTDW to the F region ionosphere can be larger. Note that Chang et al. [2011b] observed a maximum QTDO of 0.5 TECU in TEC, while a peak QTDO of 0.3 TECU is simulated here using the TIME-GCM. We can see that the QTDW peak of the temperature in the TIME-GCM (10 K) is smaller than the W3 QTDW of 18K observed in Chang et al. [2011b] using the SABER data. Therefore, the magnitude of the QTDO in TEC is consistent between the model and the observation result in Chang et al. [2011b] . On the other hand, a two-day oscillation of as large as 10 TECU is reported in Chen [1992] at the crest of the EIA. Following Yue et al. [2012] , the structure of the QTDW in the lower thermosphere largely follows the (3,0) Rossby normal mode; the QTDW in zonal wind has two peaks at midlatitudes with a stronger peak in the southern hemisphere. Even though the QTDW of the zonal wind in the tropical lower thermosphere is underestimated in the TIME-GCM by a factor of two at most, a QTDO of 10 TECU seems too large to be reproduced in the current model.
[17] To summarize, the major and novel findings in this paper involve the QTDW modulation of the neutral wind dynamo at midlatitudes and the mapping of the resultant QTDO of electric fields between two hemispheres. Both the 2-day modulation of the equatorial fountain effect and the midlatitude vertical ion drift contribute to the QTDO of the plasma density and TEC at low and midlatitudes. This is an improvement of the understanding from previous studies. Chen [1992] only suggested the importance of the QTDO of the equatorial fountain effect, and did not consider the role played by the midlatitude QTDO of the electric field and vertical ion drift. No QTDW modulation of migrating tidal amplitudes at a period of 2 days is found in the TIME-GCM. The QTDO of the vertical ion drift near the dip equator modulates the fountain effect. This produces one peak of the 2-day oscillation of the TEC at the dip equator and two peaks off the equator. The peak at the equator is out of phase with the ones off the equator. Furthermore, the QTDO of the vertical ion drift at midlatitudes directly enhances the 2-day oscillation of the plasma density and TEC at the same latitudes, and thus expands the latitudinal range of the QTDO of the TEC. Additional modeling and observational efforts are required to test our findings in the TIME-GCM, especially to determine the relative significance of the QTDW perturbations of the fountain effect and the QTDW perturbations of the middle latitude dynamo effect in producing the QTDW signatures in the global ionospheric F region plasma densities and TEC.
[18] Since the tidal-QTDW interaction in the MLT is reproduced in the TIME-GCM during a strong QTDW event, the amplitudes of the tides in the E region can be changed substantially through both linear and nonlinear advection [Chang et al., 2011a] . This leads to a further change of the E region dynamo effect for several days. Note that the peak QTDW is often observed in austral summers, which coincides with several sudden stratospheric warming (SSW) events. Their impacts on the ionospheric dynamo may be mixed. This effect will be discussed in a future paper.
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